The genetic structure and diversity of plants may change significantly in an elevational gradient because different elevations regulate different ecological conditions. Several factors may influence genetic variation, such as mutations, selection, genetic drift, and gene flow. The aim of the present study was to evaluate the genetic structure and diversity of populations of Tibouchina pulchra Cogn. (Melastomataceae) trees in two extremes of an elevational gradient experiencing different environmental conditions. Nine polymorphic microsatellite loci were used to measure the genetic diversity of 14 adult populations, whose structure was evaluated using frequentist and Bayesian analyses. We also carried out progeny structure and paternity analyses comparing the number of fathers of each progeny and the probability of the progeny genotypes to be the result of selfing in order to evaluate the possible current processes leading to such genetic structure. Genetic structure analyses indicated the existence of genetic differentiation between populations in adults and progenies, but with a contact interface between them. The population from the higher region showed smaller genetic diversity when compared to the population at the lower region. However, the pollen variability delivered to the stigmas at the higher region was not different from that of the lower region. These results may be explained by the dynamics of gene flow mediated by pollen, especially by the different amounts of pollination events in each region, as well as local adaptation, distribution, and reproduction characteristics of T. pulchra.
Introduction
Plant populations are not a set of genotypes randomly structured in time and space. In general, there is a genetic
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Electronic supplementary material The online version of this article (doi:10.1007/s11295-016-1059-y) contains supplementary material, which is available to authorized users. organization among geographically distinct populations, within local plant groups or even in the progeny of individuals (Loveless and Hamrick 1984) . In this sense, several factors may influence the amount of genetic structure and diversity of plant populations, such as mutations, selection, genetic drift, and gene flow, which may be considered the most important factor in large populations (Loveless and Hamrick 1984; Slatkin 1987) . In plants, the gene flow may occur only in two life history moments: pollen and seed dispersal. Therefore, pollination and seed dispersal dynamics have direct implications on the genetic structure of populations, and both processes have been considered the causes of intraspecific genetic diversity in most of angiosperm species and, consequently, the substrate for the high species diversity on this plant group (Bawa 1995) .
The lack of gene flow can decrease the population effective size favoring genetic drift, decreasing genetic diversity in small populations, and possibly leading to inbreeding depression (Ellstrand 1992; Charlesworth and Charlesworth 1987) . In turn, such loss of genetic diversity may limit the potential of natural populations to adapt to a changing world (Willi et al. 2006; Byars et al. 2009 ). By contrast, high levels of genetic diversity, generated by the movement of pollen and/or seeds and the consequent exchange of genes between populations, enable a great number of genotypic combinations, increasing the evolutionary potential of the species due to the greater adaptation capacities to possible environmental changes (Sebbenn et al. 2000) .
Different ecological conditions, in particular habitats along elevational gradients (e.g., pollinator availability, soil quality, temperature), may influence significantly the genetic structure and diversity of plants by local adaptation and drift (Thomas et al. 2001; Semagn et al. 2000; Yan et al. 2009; Misiewicz and Fine 2014) . Populations established in different elevations may also present asynchrony in their flowering and fruiting phenology, which may also favor genetic structure (Jordano and Godoy 2000) . In this sense, it has been demonstrated for several species of plants occurring along an elevational gradient that the genetic diversity can increase, decrease, or even be constant along the altitude (Yan et al. 2009; Ohsawa and Ide 2008; Zhao et al. 2006; Semagn et al. 2000; Reis et al. 2015) . Some of these studies suggest that the restricted gene flow between populations with strong natural selection influence the genetic diversity of plants in such places (Thomas et al. 2001; Slatkin 1987) . Therefore, plants that occur in elevational gradients and rely on pollinator activity for their reproduction are ideal models to understand the role of pollen flow on genetic structure and diversity of populations, and the Melastomataceae family presents some species that match these biological features.
Melastomataceae comprehends 4200-4500 species in total and they are well represented in tropical and subtropical ecosystems of the Americas, where around 3000 of these species are found (Renner 1993) . There are 68 genera in Brazil, with estimations of over 1300 species (Goldenberg et al. 2012; Renner 1993) . Their flowers are habitually pollinated by bees which collect pollen from the often poricidal tubular anthers. During a flower visit, the bees embrace the anthers and perform vibration movements with their wing muscles. Pollen grains are expelled and adhere to the bee body, a place frequently touched by the flower stigmas. This type of pollination is called buzz pollination and is frequently found in the genus Tibouchina (Buchmann 1983; Brito and Sazima 2012) . Consequently, in such systems, gene flow by pollen is almost restricted to the movement of the pollinators due to pronounced flower herkogamy (Renner 1989) . On the other hand, because Tibouchina produces capsular fruits, seed dispersal in this genus is almost restricted to autochory, that is, with no apparent dispersal vector (Silveira et al. 2013) . Such dispersal system would possibly reduce the effects of seed dispersal on gene flow. Estimating genetic structure and diversity of T. pulchra Cogn. (Melastomataceae) is particularly challenging because there is evidence that this species is polyploid (Brito et al. 2010 ) making the definition of the allelic constitution of a specific locus a methodological issue which, in most of the cases, precludes the use of allele frequency-based methods (Dufresne et al. 2014) . Therefore, specific analytical tools are required to minimize eventual biases and circumventing the complexity that arises from genotype ambiguity of partial heterozygotes.
The aim of this study is to evaluate the genetic structure and diversity of T. pulchra populations, whose gene flow is basically driven by pollinators' movement, occurring at two extremes of an elevational gradient of a tropical forest, considering the polyploid nature of its genome. As the individuals of the higher region in the Atlantic Rainforest (Núcleo Santa Virgínia of Parque Estadual da Serra do Mar-NSV) experience different climate and ecological conditions (Reis et al. 2015) and are more pollinator-limited than populations occurring at the lower region (Núcleo Picinguaba of the same conservation unit-NP) (Brito and Sazima 2012) , we expect to find the following: (1) genetic differentiation of populations between regions and (2) lower genetic diversity in the populations occurring at the higher region. If the processes generating such genetic structure and diversity pattern is the low pollen diversity delivered to the stigmas at NSV as compared to NP due to pollinator limitation and higher selfing rates, we also expect that (3) in comparison to NP, in NSV, the number of fathers and the probability of selfing in each progeny would be smaller and greater, respectively.
Materials and methods

Study area: location and characterization
The study was developed at the Parque Estadual da Serra do Mar, at NSV and NP regions, both situated in the northern region of São Paulo state coast (Fig. 1) . The NSV is located in the region of scarps and reverse faults of the Serra do Mar mountain range, on the Paraitinga-Paraibuna plateau, close to the city of São Luís do Paraitinga-SP, between altitudes that vary between 870 and 1110 m (Tabarelli and Mantovani 1999) . The vegetation is classified as montane Atlantic rainforest (Veloso et al. 1991) , and the regional climate is subtropical humid without a dry season and with temperate summer (Alvares et al. 2014) . Average annual precipitation is 2180 mm, and December, January, and February are the most humid months, while June, July, and August are the less humid months. Average precipitation is never inferior to 60 mm per month (Tabarelli and Mantovani 1999) . The NP is located on the coastal plain, in the municipality of Ubatuba-SP, covering the coastline and the foothills of the Serra do Mar mountain range. The vegetation in the area is classified as dense rainforest (Veloso et al. 1991) . The climate is tropical rainy and presents a super humid season from October to April, with an average precipitation superior to 200 mm per month and a drier season from May to September, with an average monthly precipitation of 100 mm (Morellato et al. 2000) . The average annual rainfall is 2100 mm and the average annual temperature is around 22°C (Bencke and Morellato 2002) .
Studied species
The Tibouchina genus (Melastomataceae) is amply distributed in the Neotropics and has the greatest number of species within the group of capsular fruit Melastomataceae, with around 240 species (Renner 1993) . It is found from East Mexico to the Northeast Argentina and Paraguay (Todzia and Almeida 1991; Guimarães and Martins 1997) . T. pulchra Cong., commonly known as Bmanacá-da-serra^in Brazil, is a pioneer polyploid tree species that has flowers displaying two colors: new white flowers presenting a pleasant and weak perfume characteristic to melittophilous flowers (sensu Faegri and Van der Pijl 1979) and old pink flowers that are scentless and rarely receive visits (Pereira et al. 2011; Sazima 2012, Brito et al. 2015) . The new flowers possess five large stamens and five small ones, presenting poricidal anthers. Pollen grains are the only reward offered by flowers and it is removed only by buzz pollination (Buchmann 1983) . T. pulchra is self-compatible, but does not self-pollinate, being their pollinators necessary for seed production. Its fruits are capsular and they set over than 3000 seeds, which are dispersed autochorically and germinate after 15 days (Brito and Sazima 2012) . Despite the unknown ploidy level of T. pulchra, its polyploid nature has already been observed (Brito et al. 2010 ). Almeda and Chuang (1992) pointed out that tetraploidy is the most common condition in the genus Tibouchina, followed by diploidy and hexaploidy.
DNA extraction, amplification, and genotyping
Young leaves from 210 adult individuals (105 individuals from NSVand NP each) distributed in 14 populations between the two regions were collected using sterile scissors and stored in the Biofreezer at −80°C. As T. pulchra is self-dispersed, we chose individuals at least 10 m apart from each other to avoid oversampling relatives. We sampled individuals occurring in seven distinct populations about 2 km apart from each other within each region (Table 1 , Fig. 1a, b) . Subsequently, during the fruiting season, we chose some of these adults to collect one or two fruits assigning the region, the population, and the mother for each one, carrying to distribute the sampling in all the cardinal directions. From each fruit collected, we germinated their seeds and sampled from ten to 21 progeny individuals when the seedlings reached a size enough to perform deoxyribonucleic acid (DNA) extraction (Table 1) .
Total genomic DNA was extracted from the leaf tissues using the DNeasy Plant Mini Kit (QIAGEN). Out of the 12 microsatellites previously developed for T. pulchra (Brito et al. 2010) , we only used the markers (TP01, TP03, TP05, TP12, TP20, TP23, TP25, TP27, TP29) that were reliable for the entire sample set. The loci were amplified using polymerase chain reaction (PCR) carried out in a final volume of 10 μL containing 1.5 ng of template DNA, 1× PCR buffer, 3-mM magnesium chloride, 0.2 μM of each dNTP, 0.1 μM of each primer, 0.1 μM of 700 or 800 nm Infrared Dyes (Li-Cor Biosciences, Licoln, NE, USA) and 1 U Taq DNA polymerase. We followed three touchdown protocols (Don et al. 1991) , according to the thermo-cycling conditions: 94°C for 4 min; 10× [94°C for 45 s, 60°C (−0.5°C/cycle) or 57°C (−0.5°C/cycle) or 63°C (−0.5°C/cycle) for 1 min and 72°C for 1 min 15 s]; 25× [94°C for 45 s, 50°C for 1 min and 72°C for 1 min 15 s]; and 72°C for 10 min. In each forward primer, a M13 tail (5′-CACGACGTTGTAAAACGAC -3′) was added at its 5′ end (Schuelke 2000) , which enabled the amplified microsatellite fragments to be scored on 4300 DNA Analyzer (Li-Cor Biosciences, Licoln, NE, USA). Amplification products sizes were determined using SagaTM software (Li-Cor) and used for further analyses. As the majority of individuals presented a maximum of four bands per marker, a typical tetraploid pattern, we considered T. pulchra to be tetraploid in all analyses. Therefore, we excluded the phenotype information when it presented more than four bands per locus (only three individuals at one microsatellite). The presence of more than two alleles per Falush et al. 2007 ) and, alternatively, polymorphic markers can be utilized as dominant markers in ecological and evolutionary studies involving polyploids (Byrne et al. 2008; Caddah et al. 2009 , Dufresne et al. 2014 . In this sense, in AMOVA, DAPC, Mantel, and COLONYanalyses (see below), we converted each phenotype at a k-allele codominant locus to diploid phenotypes at k dominant Bloci^ (Wang and Scribner 2014) . On the other hand, we used the same polymorphic markers as codominant with genotype ambiguity in partial heterozygotes in STRUCTURE and Fdash analyses (see below).
Genetic structure of adults and progeny
Analysis of molecular variance (AMOVA) (Excoffier et al. 1992 ) was performed using the ade4 1.6-2 R package (Dray et al. 2007 ) to know how genetic variation is partitioned between regions (NSV and NP), among populations within regions (the 14 sampling localities), and within each populations of adults. The same approach was employed to partition the genetic variation between regions (NSV and NP), among progenies within regions (from the 21 sampling mother trees), and within each progeny from the same mother. The significance of the proportion of variation at each category was obtained by a Monte Carlo test with 1000 permutations. We also tested the correlation between genetic and geographic distances among adult individuals using Mantel tests (Legendre and Legendre 1998) . The genetic distance was calculated by the Lynch distance, which is two times the number of bands that two phenotypes have in common, divided by the total number of bands that the two genotypes have (Lynch 1990) . The significance of correlations between both distances considering all the adults and the adults in each region was estimated with 10,000 permutations of the rows and columns of the geographic distance matrix.
The genetic relationship among all adult individuals, as well as among progeny individuals, and genetic clustering was accessed through a discriminant analysis on principal components (DAPC) (Jombart et al. 2010) implemented in adegenet R package (Jombart 2008) . DAPC maximizes the variance between groups while minimizes the variance within groups, using as the input the principal components (PCs) generated from the genotypes of individuals (Jombart et al. 2010) . As the number of retained PCs for the analysis can bias the fit of DAPC, we chose the number of principal components using the a-score function, which is the difference between the proportion of successful reassignment of the analysis (observed discrimination) and values obtained using random groups (random discrimination). We ran this analysis considering the regions and the populations within each region as groups for adults and the regions and the mothers within each region as groups for the progeny.
The evaluation of the genetic structure of the adult populations and progeny was also made through Bayesian inference performed with the software STRUCTURE 2.2.3 considering an admixture model with correlated allele frequency (Pritchard et al. 2000; Falush et al. 2003 ) accounting for genotype ambiguity for codominant markers in polyploids (Falush et al. 2007 ). The individuals were assigned to possible genetic groups, K, varying from two to ten without a priori definition of populations and disregarding recessive alleles. Fifty independent Markov Chain Monte Carlo (MCMC) runs were carried out with 500,000 iterations following a burn-in period of 500,000 iterations for each value of the number of clusters (K). The best estimate of K was calculated from the ad hoc statistic delta K, proposed by Evanno et al. (2005) . The software CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) was used to deal with label switching and multimodality issues.
Genetic diversity of adult populations
The following estimators of the genetic diversity on each locus in adult populations occurring at the two regions were calculated using the FDASH program (Obbard et al. 2006) : total number of alleles, average number of unshared alleles between pairs of individuals, average number of different alleles carried by each individual, total number of phenotypes, average Shannon-Weaver phenotype diversity, and average number of shared alleles between pairs of individuals. These estimations were calculated through the average number of alleles by which pairs of individuals differ. These estimates are ideal to allopolyploids (Obbard et al. 2006) , as seems to be the case of T. pulchra. An analysis of variance (ANOVA) was performed at 95 % confidence interval using each estimator as response and the regions, populations, and locus as factors in R 2.15.0 software (http://www.r-project.org/).
Paternity analyses
Following Wang and Scribner (2014), we estimated the number of fathers of each progeny within a fruit and the probability of such progeny genotypes to be a result of a selfing event using the software COLONYversion 2.0.6.1 (Jones and Wang 2010) . For each progeny (fruit), we set the following parameters given the nature of T. pulchra and the experimental design: mating system I: monogamous male and polygamous female; mating system II: with inbreeding and without clones; species: monoecious and diploid (following Wang and Scribner 2014); analysis method: full likelihood (FL). All the other parameters were set to default. As T. pulchra is self-compatible (Brito and Sazima 2012), we stipulated a probability of 0.5 to the mother genotype be a father candidate of the progeny. From the estimation of the number of fathers per fruit, we adjusted a generalized linear mixed-effect model with the Poisson distribution family in R, considering the number of fathers per fruit as the response, the region as fixed factor, and the population and mother as random factors. The same rationale was applied to analyze the selfing probability, but we used a beta distribution since it better describes the variation of values between 0 and 1 (Cribari-Neto and Zeileis 2010). In this analysis, we considered the selfing probability as the response, the region as fixed factor, and the population, mother, and fruit as random factors.
Results
Although leaves from 105 adults were collected in each region, one adult from NP region was lost, resulting in a total of 209 trees and 562 progeny individuals genotyped. The progenies were collected from 31 fruits in 21 adults (mothers) from different populations ( Table 1 ). The total number of bands per locus varied from four to 25, while the number of bands per individual per locus varied from one to four, a multiband pattern typical of polyploid organisms. Six of the nine loci presented more than 90 % of the individuals with disomicinheritance band pattern with one or two band per individual, while three loci presented polysomic-inheritance multiband pattern, with more than 10 % of the genotyped individuals with more than two bands.
Genetic structure of adults and progeny
AMOVA indicated that most of the variation (91.55 %) is within adult populations, while 5.94 % varies among populations and 2.51 % between regions ( Table 2 ). The Monte Carlo test indicated that this variation within populations is lower than the expected by chance, whereas it is greater than the expected by chance among populations and between regions (p < 0.001 in each test). When considering the progeny, AMOVA indicated the same pattern, showing the most of variation within progeny populations (65.56 %), and 31.67 % of variation among progenies and 2.77 % between regions. The Monte Carlo test was also significant (p < 0.001) in each test and the variation was lower than the expected by chance within population, while it was greater than the expected by chance among progeny and between regions (Table 3) .
We observed a significant positive correlation between genetic and geographic distances when considering all adult individuals (r = 0.17, mantel-p < 0.001). However, such correlation holds true for the lower region (r = 0.13, mantelp < 0.001), whereas it was only marginally significant at the higher region (r = 0.05, mantel-p = 0.04).
The DAPC discriminated 88 % of the adult individuals from NSV and 86 % of the individuals from NP, considering the region as groups and a retention of 24 PCs given by the ascore (Fig. 2a) . However, 26 % of total individuals were associated with both regions indicating the existence of a contact interface between the populations from higher and lower regions. A similar result was found using the populations as groups and a retention of 21 PCs as suggested by the a-score: the populations from each region grouped together but with a contact interface between them ( Supplementary Fig. 1 ). Considering the progeny, DAPC discriminated 97 % of progeny individuals from NSV and 95 % of progeny individuals from NP, considering the region as groups and a retention of 44 PCs given by the a-score (Fig. 2b) . Only 8 % of progeny individuals were associated with both regions. When considering the progeny as groups, the progenies of each region became evident only on the axis of the third discriminant function after a retention of 12 PCs given by the a-score (Supplementary Fig. 2 ).
The allocation of adult individuals to populations utilizing the model-based clustering showed that the most likely K is three, based on Evanno et al. (2005) delta K statistics and not considering the information about the location of each individual (Fig. 3) . Despite all genetic clusters are well represented in each individual, it is noteworthy that the majority of the individuals occurring in a given region has a great probability to share a similar cluster in accordance with their occurrence at each region (blue: NSV; red: NP- Fig. 3) . A similar result was found for the progeny individuals (Fig. 4) . A similar result was found for the progeny individuals ( Supplementary Fig. 3 ) for which K = 2 and K = 8 scenarios were also likely based on Evanno et al. (2005) delta K statistics. In this case, the majority of the progeny individuals also shares a common genetic cluster in accordance with their occurrence at each region (blue: NSV; red: NP- Supplementary Fig. 3 ).
Genetic diversity of adult populations
The genetic diversity estimators calculated by the FDASH program indicated that the individuals located at NSV region form a group genetically less diverse than the individuals occurring at NP (Supplementary Table 1 , Fig. 5 ). Only the average number of shared alleles between pairs of individuals was statistically not different between regions, but all the other metrics were lower at the higher region (Supplementary Table 1 , Fig. 5 ). The genetic diversity indexes were not structured by the populations except for the total number of alleles (Supplementary Table 1 ). Conversely, there was a difference among loci in all genetic diversity indexes (Supplementary Table 1 ).
Paternity analyses
The paternity analysis indicated that the number of fathers of each progeny (fruit) is not different between regions ( Fig. 6a ; z = −0.052; p > 0.05). The same result was found for the probability of the progeny genotypes to be a result of a selfing event ( Fig. 6b ; t = −0.364; p > 0.05). On average, each fruit is fathered by two to three adults and there is an average probability of 39.53 % of each progeny individual to be a result of a selfing event.
Discussion
In general and in agreement with our first expectation, our results indicated that there is a weak but significant genetic structure among adult populations of T. pulchra occupying the higher and lower areas. However, just a small amount of the genetic difference between these groups is related to their Df degrees of freedom Fig. 2 Discriminant analysis on principal components (DAPC) for a adult and b progeny individuals of Tibouchina pulchra considering 24 and 44 PCs retained by the a-score, respectively. Blue area=Santa Virgínia (higher region, NSV); red area=Picinguaba (lower region, NP). The upper graph shows the retained PCs by the a-score geographic distances which indicate that such genetic structure is mostly related to other processes. This genetic structure was also found for the progeny array. Moreover, adult populations occupying the higher area present lower genetic diversity than populations occurring at the lower area, as we expected. However, differently from our third expectation, such difference cannot be attributed to a smaller number of adults fathering the progenies or a higher proportion of selfing at the higher regions, which indicate that pollen diversity delivered to stigmas is not the cause of the lower genetic diversity. Specifically, AMOVA results indicated that there is a low genetic difference among adult populations within regions and between the regions formed by adult individuals occurring at the higher and lower regions. However, these differences were greater than expected by chance, suggesting that despite the high diversity within populations, there is genetic structure even in fine scales. The same pattern was found for progeny populations at the same regions. These results were confirmed by the DAPC that assigned the majority of the adult and progeny individuals to their actual region, even when we consider populations and mothers as groups, respectively. The STRUCTURE analysis also confirmed this trend showing that the majority of individuals occurring in each region share majorly the same allelic pool. In this sense, we could observe that, despite the occurrence of T. pulchra across the entire elevation range, there is a genetic differentiation between the elevation extremes we studied. On the other hand, our analyses also suggest a contact interface between individuals occurring at both regions which is expected due to this continuous distribution to the species high reproductive and germinative capacities (Zaia and Takaki 1998 ) and also to the many possible reproductive events during the plant lifetime (Brito and Sazima 2012) .
Differentiation between populations can be the product of two non-mutually exclusive processes influencing gene flow: isolation by distance or habitat differentiation (Bockelmann et al. 2003) . Our analysis suggested that isolation by distance is not a predominant force driving genetic differentiation among and within regions. On the other hand, drastic habitat differences even in small scale, such as temperature, soil, luminosity, and pollinator limitation may restrict the establishment of seedlings and limit gene flow, leading to the differentiation of NSV and NP populations and such differences are observed in the altitudinal gradient studied (Joly et al. 2012; Brito and Sazima 2012) .
T. pulchra is a pioneer tree species, occurring densely in a great area of distribution (Lorenzi 1992) ; its fruits produce thousands of seeds, dispersed autochorically and 10 to 30 % are able to germinate in natural conditions (Brito, nonpublished data) . At Serra do Mar mountain range, the Fig. 3 Analysis performed by STRUCTURE 2.2.3 software for adult individuals of Tibouchina pulchra occurring in Santa Virgínia (higher region, NSV) and Picinguaba (lower region, NP). Groups were obtained under admixture model and allele frequency correlated between populations without a priori definition of populations. The best K, K = 3, is shown. Each color represents a group (K). Bars that present three colors indicate individuals that belong to more than one group. The size of each color bar represents the probability of the individual to belong to that group. In this graph, the individuals are grouped in accordance with the population in which they were collected. Population names: Alm-Almada; CamCamburi; Pro-Promirim; Pur-Puruba; Sed-Sede; Uba-Ubatumirim; Zer-Zero; Ent-Entrada; Faz-Fazenda; Kso-Km88; Kss-Km86; Mir-Mirante; Poc-Poço do Pito; Pos-Posto II Fig. 4 Analysis performed by STRUCTURE 2.2.3 software for progeny individuals of Tibouchina pulchra occurring in Santa Virgínia (higher region, NSV) and Picinguaba (lower region, NP). Groups were obtained under admixture model and allele frequency correlated between populations without a priori definition of populations. The best K, K = 3, is shown. Each color represents a group (K). Bars that present three colors indicate individuals that belong to more than one group. The size of each color bar represents the probability of the individual to belong to that group. In this graph, the individuals are grouped in accordance with the mother in which they were collected (Table 1) distribution of this species is continuous along the entire elevation range, occurring from the restinga (sandbank) region to the more elevated regions (Lorenzi 1992) . However, the availability of pollinators varies drastically between both regions: at the more elevated region (NSV), the frequency of bees capable of extracting pollen from poricidal anthers is up to 200 times smaller than in the lower region (NP) (Brito and Sazima 2012) . This implies different pollen flow dynamics within the populations, according to the altitude. Moreover, these populations have phenological displacement in flowering and fruiting (Brito and Sazima 2012) , and it may also increase the genetic differentiation between populations from both regions (Hall et al. 1994) . Such reproductive phenological difference may lead to partial reproductive isolation which favor adaptation to different habitats and neutral genetic differentiation, as has been shown for other forest trees (Kraj and Sztorc 2009; Shi et al. 2011) . In this sense, the weak genetic structure between populations at NSV and NP regions may be due to both limited gene flow by pollen and seed dispersal and by the adaptation to particular environmental factors.
Genetic differentiation between populations on an elevational gradient has been demonstrated for several tree species and the amount of variation between regions is even Fig. 5 Comparison between genetic diversity indexes for Tibouchina pulchra occurring in higher (Santa Virgínia-NSV) and lower (Picinguaba-NP) regions. Asterisk indicates significance at 95 % confidence interval. NS non-significant Fig. 6 Boxplot showing a the number of fathers of each progeny within a fruit and b the probability of such progeny genotypes to be a result a selfing event in Tibouchina pulchra occurring in higher (Santa Virgínia-NSV) and lower (Picinguaba-NP) regions. Boxplots show outliers as circles, the extreme of the lower and upper whisker as bars, the lower and upper hinges as the box extremes and the median as the darker line. NS non-significant. Blue Santa Virgínia (higher region, NSV); red Picinguaba (lower region, NP) larger than the one showed here (e.g., Reis et al. 2015; Shi et al. 2011; Ohsawa et al. 2007 ). In such cases, and also in other studies involving plants occurring in altitudinal gradients, diversity can increase, decrease, or even be constant with the altitude (Yan et al. 2009; Zhao et al. 2006; Semagn et al. 2000) . Specifically, the pattern of lower genetic diversity at higher regions, as we found for T. pulchra, was already described and attributed to genetic drift and bottlenecks occurring during range expansion from lowlands or clonal reproduction (Ohsawa and Ide 2008; Quiroga and Premoli 2007; Williams and Arnold 2001) . T. pulchra does not reproduce vegetatively and, in our study, we cannot exclude neutral processes, as genetic drift and bottlenecks, as the causes of genetic structure along the elevational gradient. However, relevant ecological conditions, such as pollinator limitation and phenological segregation, may also lead to similar genetic structure and diversity patterns expected for intense genetic drift and bottlenecks, and this would be even stronger in plants exclusively pollinated by insects (Reis et al. 2015) .
Studies have already reported a pollinator limitation at higher regions in Andean and Alpine sites (Arroyo et al. 1985; Totland 1993) , and the same was seemed for T. pulchra occurring at the Serra do Mar mountain range (Brito and Sazima 2012) . Nonetheless, our progeny analysis indicated that the number of fathers per progeny (fruit), as well as the probability of the progeny genotypes to be a result of a selfing event, is not different between regions. This result refuted our former hypothesis that low pollen variability delivered by bees to the stigmas is the main cause of the lower diversity at the higher region. Despite this result, the idea that the dynamic of pollen flow influences genetic diversity within the populations in each region still holds. If pollen has a better dispersal capacity than seeds, as seems to be the case for T. pulchra and most tropical trees (Loveless and Hamrick 1984) , gene dispersal will depend almost exclusively on the latter component (Hardy et al. 2006) . Therefore, we speculate that the pattern of genetic diversity found in T. pulchra populations is related to the different amount of pollination events within each region. The lack of pollinators and the consequent pollen limitation observed in the highest region associated with the dependence on pollinators due to pronounced herkogamy lead to a lower fruiting in higher areas and a consequent low input of new variants in this region. Even with greater flowering and greater germination rate of seeds produced by cross-pollination in NSV (Brito and Sazima 2012) , the reduced number of bees does not ensure a mixture of allelic pools, as seems to happen in NP, decreasing the effective size of such populations. The smaller values of genetic diversity measured by many indexes in NSV reinforce this idea. The reduced genetic variability within these populations could lead to inbreeding and decrease of the adaptive capacity (Willi et al. 2006) . However, to test the occurrence of inbreeding depression (Ellstrand 1992; Charlesworth and Charlesworth 1987) in these populations, studies with more comprehensive collections should be done in the elevated regions of Serra do Mar.
Our study showed that T. pulchra is a polyploid tree species whose populations occurring at two extreme regions of the elevational gradient of the Serra do Mar mountain range are genetically different and that the populations occurring at the higher site (NSV) presented lower genetic diversity. Despite the lack of genetic diversity differences among the populations within regions in the majority of indexes considered, we also found genetic structure at this level, indicating that some processes not evaluated by this study, such as landscape heterogenity within region, are also determining these patterns, and this should be considered in further studies. Our progeny analysis corroborated this pattern and also indicated that the variability of pollen grains delivered to stigmas is not the major process influencing the genetic diversity contrast of T. pulchra in both regions. However, we suggest that the amount of pollination events, which is much smaller at NSV and decreases the effective size of such populations, reduces the input of new mutations in this site. To specifically test this hypothesis, we encourage a further study comparing the structure and diversity of T. pulchra seedlings in both regions.
